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a b s t r a c t
The integrity and function of epithelial tissues depend on the establishment and maintenance of deﬁning
characteristics of epithelial cells, cell–cell adhesion and cell polarity. Disruption of these characteristics
can lead to the loss of epithelial identity through a process called epithelial to mesenchymal transition
(EMT), which can contribute to pathological conditions such as tissue ﬁbrosis and invasive cancer.
In invertebrates, the epithelial polarity gene scrib plays a critical role in establishing and maintaining cell
adhesion and polarity. In this study we asked if the mouse homolog, Scrib, is required for establishment
and/or maintenance of epithelial identity in vivo. To do so, we conditionally deleted Scrib in the head
ectoderm tissue that gives rise to both the ocular lens and the corneal epithelium. Deletion of Scrib in the
lens resulted in a change in epithelial cell shape from cuboidal to ﬂattened and elongated. Early in the
process, the cell adhesion protein, E-cadherin, and apical polarity protein, ZO-1, were downregulated and
the myoﬁbroblast protein, αSMA, was upregulated, suggesting EMT was occurring in the Scrib deﬁcient
lenses. Correlating temporally with the upregulation of αSMA, Smad3 and Smad4, TGFβ signaling
intermediates, accumulated in the nucleus and Snail, a TGFβ target and transcriptional repressor of the
gene encoding E-cadherin, was upregulated. Pax6, a lens epithelial transcription factor required to
maintain lens epithelial cell identity also was downregulated. Loss of Scrib in the corneal epithelium also
led to molecular changes consistent with EMT, suggesting that the effect of Scrib deﬁciency was not
unique to the lens. Together, these data indicate that mammalian Scrib is required to maintain epithelial
identity and that loss of Scrib can culminate in EMT, mediated, at least in part, through TGFβ signaling.
& 2013 Elsevier Inc. All rights reserved.
Introduction
The integrity and function of epithelial tissues depend on the
establishment and maintenance of deﬁning properties of epithelial
cells, cell–cell adhesion and cell polarity, which are composed of
cell junctional complexes including tight and adherens junctions.
Junctional complexes, furthermore, are essential factors in orga-
nogenesis through their linkages to the cytoskeleton and the
associated signaling pathways that modulate cell migration, pro-
liferation, differentiation and death (Baum and Georgiou, 2011;
Giepmans and van Ijzendoorn, 2009). Identifying the factors that
are required for the establishment and maintenance of epithelial
identity is crucial because of their roles in normal development
and homeostasis and because loss of epithelial identity is asso-
ciated with disease processes such as ﬁbrosis and cancer (Acloque
et al., 2009; Kalluri and Weinberg, 2009; Thiery et al., 2009). In
Drosophila, the PDZ domain containing protein Scribble has been
shown to play a role in establishing and maintaining epithelial cell
adhesion, polarity and proliferation (Bilder, 2004; Bilder et al.,
2000; Bilder and Perrimon, 2000). Recent studies suggest that the
mouse homolog, Scrib, may perform similar and additional func-
tions in mammalian species (Montcouquiol et al., 2003; Murdoch
et al., 2003; Pearson et al., 2011; Qin et al., 2005). In this study, we
address the possibility that Scrib is required for epithelial identity
in vivo in the mouse.
The failure to maintain epithelial cell properties can result in a
change in cell identity from an epithelial cell to a mesenchymal
cell through a process referred to as epithelial to mesenchymal
transition (EMT). EMT is an important normal biological process
contributing to embryonic development (Nakaya and Sheng,
2008), wound healing (Kalluri and Weinberg, 2009), and tissue
repair (Kalluri and Weinberg, 2009). Aberrant activation of EMT
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can contribute to diseased states such as tissue ﬁbrosis in the
kidney, liver, lung, and ocular lens (Kalluri and Weinberg, 2009),
and to malignant progression of tumors (Acloque et al., 2009;
Humbert et al., 2008; Klymkowsky and Savagner, 2009; Saika
et al., 2008; Tsuji et al., 2009). EMT is characterized by the
disassembly of adhesion junctions, loss of apical-basal polarity,
and the acquisition of migratory capacity (Kalluri and Weinberg,
2009; Tsuji et al., 2009). A number of signaling pathways, includ-
ing TGFβ, are involved in promoting EMT during both develop-
ment and disease (Kalluri and Weinberg, 2009; Thiery et al., 2009).
The phenotypic changes found in EMT are associated with mole-
cular changes including reduced expression of epithelial proteins
such as the adherens junction protein, E-cadherin, and the tight
junction protein, zonula occludens 1 (ZO-1), and upregulation in
the expression of mesenchymal proteins (Kalluri and Weinberg,
2009; Thiery et al., 2009), and proteins involved in remodeling of
the extracellular matrix such as certain matrix metalloproteinases
(Dwivedi et al., 2006).
While it is known that factors such as E-cadherin and ZO-1 are
essential components of cell adhesion and polarity, and their loss
promotes EMT, much less is known about the upstream factors
that are required to establish and maintain epithelial structure in
vertebrates. In invertebrates such as Drosophila, the PDZ (PSD-95,
Dlg-1, and ZO-1) domain containing protein, Scribble (Scrib), has
been shown to be necessary for the establishment, positioning and
maintenance of adherens junctions and apical determinants
(Bilder et al., 2000; Bilder and Perrimon, 2000; Woods et al.,
1996). Scrib is a leucine repeat and PDZ (LAP) protein containing
16 leucine rich-repeats and four PDZ domains (Johnson and
Wodarz, 2003). The PDZ domain is a protein–protein interaction
domain of 80–90 amino acids found in common amongst mem-
bers of this family of proteins which assemble large macromole-
cular complexes involved in polarity, vesicle transport and
signaling in various cell types (Harris and Lim, 2001; Humbert
et al., 2003). In Drosophila, scrib mutants exhibit loss of apical–
basal polarity that correlates with hyperproliferation and loss of
tissue architecture. scrib has been shown to act as a neoplastic
tumor suppressor (Bilder, 2004; Bilder et al., 2000; Bilder and
Perrimon, 2000) and scrib-deﬁcient follicular cells exhibit mis-
localization of basolateral junction proteins such as E-cadherin
(Zhao et al., 2008). Scrib-depleted MDCK cells were less adherent
apparently due to compromised E-cadherin function (Qin et al.,
2005). Analysis of the mouse mutant, Crc, which expresses a
truncated form of Scrib in which the last two PDZ domains are
absent (Murdoch et al., 2003), has shown that Scrib is essential for
planar cell polarity (Montcouquiol et al., 2003), for maintaining
epithelial cohesion during lung development (Yates et al., 2013)
and for angiogenesis (Michaelis et al., 2013). Finally, loss of Scrib in
conjunction with expression of an oncogenic K-ras gene in mice
promotes prostate carcinogenesis (Pearson et al., 2011). Although
these ﬁndings indicate roles for Scrib in epithelial adhesion and
polarity, whether and through what mechanism Scrib is required
speciﬁcally for establishing or maintaining the epithelial identity
in vivo in mammals has yet to be elucidated.
Previously, we reported that Scrib is expressed in the mouse
ocular lens (Nguyen et al., 2005). The lens is an ideal in vivo model
for studying the mechanisms of establishing and maintaining
epithelial identity during embryogenesis. It is composed entirely
of epithelial cells, facilitating biochemical analysis, and the tissue
itself is dispensable for the animal's viability, allowing one to follow
the effects of loss of gene function throughout the life of the animal.
Development of the mouse lens begins around embryonic day 9.5
(E9.5) when a discrete region of the head ectoderm is induced to
thicken and form the lens placode, which then invaginates along
with the optic cup, the future retina (Piatigorsky, 1981). The
invaginating lens detaches from the overlying head ectoderm,
forming the lens vesicle. Cells in the vesicle opposite the optic
cup differentiate into lens epithelial cells while cells closest to the
optic cup differentiate into lens ﬁbers. By E13.5, the anterior surface
of the lens is composed of a monolayered epithelium overlaying a
mass of elongated cells, the primary ﬁber cells, that arise from
differentiation of the cells in the posterior of the lens vesicle. From
that point, the lens grows in size as the self-renewing epithelium
gives rise to cells, which, as they undergo terminal differentiation,
are added to the ﬁber cell compartment.
EMT is associated with two types of lens cataract, posterior
capsular opaciﬁcation (PCO) and anterior subcapsular cataract (ASC).
Usingmurinemodel systems, some aspects of themechanism through
which these cataracts develop have been identiﬁed (de Iongh et al.,
2005; Saika et al., 2008, 2009; Wormstone et al., 2009). For example,
conditionally inactivating the gene encoding E-cadherin early in lens
development (Pontoriero et al., 2009) or the polarity protein aPKCλ
(Sugiyama et al., 2009) results in EMT. Also, overexpression of self-
activating form of TGFβ in transgenic mouse lens (Srinivasan et al.,
1998) and treatment of rat lenses ex vivo (Hales et al., 1995) and lens
explants in culture with TGFβ2 result in cataractous plaques expres-
sing markers of EMT (Symonds et al., 2006). Importantly, in humans,
PCO is also associated with TGFβ driven EMT as treatment of human
capsular bags with TGFβ2 results in matrix wrinkling and expression
of EMT markers (Wormstone et al., 2002).
Herein, we assessed the impact on epithelial cell identity of
conditionally inactivating Scrib in the precursor cells of the
embryonic surface ectoderm that give rise to the corneal epithe-
lium and the lens. We found that inactivating Scrib resulted in lens
defects that were associated with the progressive downregulation
of epithelial proteins and upregulation of the mesenchymal
protein, αSMA. Furthermore, we identiﬁed TGFβ as a potential
signaling pathway mediating the EMT phenotype that arises in the
lens as a consequence of loss of Scrib. Finally, loss of Scrib also led
to changes consistent with EMT in the corneal epithelium, sug-
gesting together with previous literature that Scrib is required to
maintain epithelial identity, and the integrity of epithelial tissues,
in a variety of epithelia in vivo.
Materials and methods
Animal maintenance and use
All experiments using mice conformed to the Public Health
Service Policy on Humane and Use of Laboratory Animals and
ARVO statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by the Institutional Animal Care and
Use Committee of the University of Wisconsin–Madison School of
Medicine and Public Health.
Generation of Scrib conditional null and Scrib germline null mice
To conditionally delete Scrib prior to the vesicle stage, Lens-Cre
(LeCre) transgenic mice (Ashery-Padan et al., 2000) were mated to
Scribﬂ/þ mice. Progeny containing the ﬂoxed allele was identiﬁed
using ScribF and Scrib1-X2-R primers, producing a wild type band
of 257 bp and ﬂoxed allele product of 325 bp (Table S1). Progeny
containing the Cre recombinase gene were identiﬁed using Cre-1
and Cre-3 primers, producing a single band of 420 bp (Table S1).
Next, Scribﬂ/þ ; LeCre mice were mated to Scribﬂ/þ mice to produce
litters containing Scribﬂ/ﬂ; LeCre mice. The LeCre mice were main-
tained in the hemizygous on the FVB/N genetic background. No
overt ocular abnormalities were observed in these mice. Mice
carrying a germline mutation in Scrib were generated by crossing
Scribﬂ/þ mice to ACTB-Cre mice (Lewandoski et al., 1997) and
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Scribþ / progeny were intercrossed to produce Scrib / day E17.5
embryos.
To conﬁrm Cre-mediated deletion in the lens, genomic DNA
samples isolated from P2 microdissected lenses from Scribﬂ/ﬂ and
Scribﬂ/ﬂ; LeCre mice, the eye from Scrib/ and tail from E17.5
Scrib / embryos were subjected to PCR ampliﬁcation using the
ScribF/ScribwtR and ScribF/ScribckoR primer pairs (Table S1).
Histological analysis
Embryos from E11.5, E13.5, heads from E15.5 and eyes from
E17.5 and P10 Scribﬂ/ﬂ and ScribLeCre mice were dissected, ﬁxed
overnight in 4% paraformaldehyde (PFA) at 4 1C and embedded in
parafﬁn. Sections (5 μm) were cut, rehydrated, and stained with
hematoxylin and eosin and viewed by light microscopy as pre-
viously described (Rivera et al., 2009). In addition, to verify that
expression of the LeCre transgene itself did not lead to lens
abnormalities, eyes from stock LeCremice and Scribþ /þ ;LeCremice
(generated via the intercrosses between Scribﬂ/þ ;LeCre and
Scribﬂ/þ mice) were ﬁxed, embedded, sectioned and stained with
hematoxylin and eosin and viewed by light microscopy. No lens
abnormalities were observed. Embryos were staged by designating
midday on the day of the vaginal plug as embryonic day 0.5.
Postnatal animals were staged by designating the day of birth as
neonate (neo) and subsequent days as postnatal day 1 (P1), P2, etc.
Immunoﬂuorescence
Parafﬁn embedded sections were prepared as described above.
To detect Pax6, E-cadherin, α-catenin, ZO-1, and Smad4, and Scrib,
rehydrated sections were boiled in sodium citrate buffer (0.01 M,
pH 6.0) in a rice cooker for 30 min, cooled, washed in 1 PBS,
blocked as previously described (Rivera et al., 2009), and incu-
bated with primary antibody overnight at 40 1C (see Table S2 for
antibody sources and dilutions). Following incubation with pri-
mary antibody, sections were washed 1 PBS then incubated with
FITC-conjugated horse anti-mouse (Vector Laboratories), Alexa-
Fluor 568 conjugated goat anti-rabbit, or AlexaFluor 568 conju-
gated donkey anti-goat (Molecular Probes) antibodies for 1 h at
room temperature (RT) then washed and viewed by confocal
microscopy. For Smad4 staining, nuclei were counterstained with
To-Pro 3 (Invitrogen) and for Pax6 and ZO-1 staining, nuclei were
counterstained with propidium iodide.
To detect Snail or Smad3, rehydrated sections were treated for
10 min in H2O2 (0.3%) in methanol to quench endogenous perox-
idases prior to antigen retrieval. Sections were blocked for 1 h in
5% rabbit serum diluted in 1 PBS at RT. The sections were
incubated with SNA1 primary or Smad3 antibodies (Table S2)
diluted in 2% (or 5% for Smad3) blocking solution overnight at 4 1C
(SNA1) or 1 h at RT (Smad3). Samples were washed in PBS and
treated with an anti-goat biotinylated secondary antibody for 1 h
at 1:100 at RT (or 1:200 for Smad3) diluted in 2% blocking
solution. Positive cells were identiﬁed using a Goat Elite Vectastain
ABC Kit (Vector Laboratories) and DAB peroxidase substrate kit
(Vector Laboratories). Nuclei were counterstained in hematoxylin.
Sections were viewed by light microscopy. Smad3 and Snail
positive nuclei were counted on 6–8 sections from at least
3 different E17.5 Scribﬂ/ﬂ and ScribLeCre eyes and the data subjected
to statistical analysis using the two-sided Wilcoxon Rank Sum test
and po0.05 was considered to be signiﬁcantly different.
To immunostain for αSMA, cryosections were prepared from
E17.5 and P10 Scribﬂ/ﬂ and ScribLeCre eyes, as previously described
(Rivera et al., 2009). Sections (10 μm) were incubated in αSMA–
Cy3 conjugated antibody overnight at 4 1C (Table S2) washed,
counterstained with To-Pro 3, and viewed by confocal microscopy.
To immunostain for cytokeratin 12, cryosections were incubated
with primary antibody overnight at 4 1C, washed and incubated
with AlexaFluor 568 conjugated donkey anti-goat antibody (Mole-
cular Probes) for 1 h at RT, washed, counterstained with To-Pro3,
and viewed by confocal microscopy. To immunostain the cornea
for E-cadherin, cryosections from P10 Scribﬂ/ﬂ and ScribLeCre were
incubated with primary antibody overnight at 40 1C, washed,
incubated with FITC conjugated rabbit anti-rat antibody (Vector
Laboratories) for 1 h at RT, washed, and counterstained with
propidium iodide.
Western blotting
Protein lysates of P2 whole lenses and P10 corneas from Scribﬂ/ﬂ
and ScribLeCre mice and protein lysates of brain tissue from E17.5
Scrib / embryos were prepared in 1X RIPA buffer with protease
inhibitors, as described previously (Rivera et al., 2009). A total of
50–100 mg of each lysate was run on a 7.5% acrylamide gel, the
proteins transferred to polyvinylidene diﬂuoride (PVDF) mem-
branes, and the membranes incubated with anti-Scrib, anti-
Pax6, and anti-E-cadherin antibodies (Table S3). Membranes
were washed in 1 PBST, incubated with goat anti-mouse
horseradish peroxidase (HRP, Pierce) or donkey anti-goat HRP
(Santa Cruz) diluted in blocking solution. After incubation with
secondary antibodies, blots were washed and bands visualized
using Enhanced Chemiluminescence Plus Kit (ECL, Plus, GE
Healthcare) and exposed to ﬁlm or scanned on a StormScanner
phosphorimager. Blots were stripped and reprobed with anti-
Gapdh as a loading control. Bands were quantiﬁed and sub-
jected to statistical analysis using the two-sided Wilcoxon
Rank Sum test and po0.05 was considered to be signiﬁcantly
different.
Results
Generation of Scrib conditional mutants
To study the role of Scrib in lens development, we generated a
mouse strain carrying a conditional allele of Scrib. In brief, a
targeting vector with loxP sites ﬂanking exons 2–8 and frt sites
ﬂanking a positive neomycin (neo) marker was introduced into the
mouse genome (Fig. 1A). Mice transmitting this allele were mated
with transgenic mice expressing Flippase in the germline to remove
the neo marker thereby generating the conditional null allele we
used in this study. These mice were mated to LeCre transgenic mice,
in which the Cre recombinase enzyme is expressed beginning at
day E9.0 in the surface ectoderm overlying the optic vesicle and is
continually expressed in surface ectoderm-derived ocular structures
such as the lens and corneal epithelium (Ashery-Padan et al., 2000).
This Cre line was chosen because Scrib expression is observed in the
invaginating lens pit at day E10.5 where it localizes primarily along
the apical surface of the lens vesicle, and to a lesser extent along the
lateral membranes (Fig. 1B). The tissue speciﬁcity and timing of Cre
expression in the ScribLeCre mice were conﬁrmed by monitoring
expression of a Cre-activatable GFP reporter that is incorporated
into the LeCre transgene (Fig. 1C).
To demonstrate that Cre-mediated deletion had occurred in the
lens, genomic DNA was prepared for PCR analysis from lenses of P2
Scribﬂ/ﬂ and Scribﬂ/ﬂ;LeCre mice (hereafter referred to as control and
ScribLeCremice, respectively), eye tissue from day E17.5 Scrib / , and
tails from Scribﬂ/ﬂ, Scribþ /, Scrib/þ and Scrib / embryos. Cre-
mediated deletion of exons 2–8 was evident in DNA from the lens
of ScribLeCre and eye of Scrib / , but not in lens DNA from control
mice (Fig. 1D). A faint band corresponding to the ﬂoxed allele was
observed in the ScribLeCre lens DNA. Protein lysates were prepared
from the lenses of control and ScribLeCremice as well as lysates from
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Scribþ /þ and Scrib/ brain. Western blot analysis was performed
using an anti-Scrib antibody and membranes were reblotted for
Gapdh as a loading control. Scrib levels in ScribLeCre lens lysates were
reduced compared to the control, although not completely absent
(Fig. 1E), consistent with the PCR results (Fig. 1D). Scrib was not
detected in the Scrib / brain protein lysate, indicating the speciﬁ-
city of the antibody. Scrib was detected in the corneal lysates from
control mice but not in the corneal lysates from ScribLeCre mice
(Fig. 1E). Together, these results indicate that Cre-mediated deletion
of Scrib in the lens and cornea was efﬁcient, although possibly not
complete in the case of the lens.
Loss of Scrib results in lens and cornea defects
Conditional loss of Scrib resulted in numerous ocular defects. By
postnatal day 10 (P10) ScribLeCre eyes (Fig. 2A) and the dissected
ScribLeCre lenses (Fig. 2B) were notably smaller than the controls;
lenses were also misshapen and had central opacity, indicating
the presence of a cataract (Fig. 2B, arrow). Hematoxylin and
eosin staining of lens sections showed that the ScribLeCre
eyes had vacuolated lenses (Fig. 2D, arrow/arrowhead) and a
hyperplastic iris, which occluded the pupil (Fig. 2D, asterisk). High
magniﬁcation images of the lens epithelium revealed further
defects. The control lens epithelium was a monolayer of cuboidal
cells, whereas the ScribLeCre lens epitheliumwas unrecognizable as
a lens epithelium and consisted of cells that appeared squamous
rather than cuboidal (Fig. 2E, F). The defects in the epithelial and/or
ﬁber cells could account for the observed cataracts and small eye
size. High magniﬁcation images of the corneal epithelium revealed
defects. The control corneal epithelium was stratiﬁed with promi-
nent cuboidal cells in the basal layer (Fig. 2G). However, the
ScribLeCre corneal epithelium had irregularly arranged, squamous
cells (Fig. 2H). These defects in corneal and lens epithelial shape in
the ScribLeCre mice suggested a possible loss of epithelial identity.
Lens epithelial cells lose epithelial characteristics and acquire
mesenchymal traits
To assess the possibility that the lens epithelial cells were under-
going a cell fate change reﬂective of their abnormal morphology, we
Fig. 1. Generation of Scrib conditional knockout mice. (A) Shown are exons 1–10 of the wildtype (WT) Scrib allele. The targeting allele (TA) shown illustrates loxP sites that
ﬂank exons 2–8 and frt sites that ﬂank a positive selection neomycin (NEO) marker. Mice containing the targeting allele were mated to mice expressing Flpase, which
removed the neo marker and generated the ﬂoxed (F) allele. Arrows indicate locations of PCR primers a (ScribF), b (ScribwtR), and c (ScribckoR) used to identify if exons 2–8
had been deleted and d (Scrib1-X2-R) used in combination with a to routinely genotype the ﬂoxed and wt alleles. The mutant allele was generated through mating with
Lens-Cre. (B) Immunoﬂuoresence demonstrating localization of Scrib (red) in the E10.5 lens vesicle (lv). Arrow indicates concentrated apical localization in the lens vesicle.
oc, optic cup. (C) GFP ﬂuorescence indicating cre expression speciﬁcally in the E10.5 ScribLecre vesicle. (D) Lens speciﬁc cre-mediated deletion of exons 2–8. PCR primer a, b,
and c were used to amplify DNA fragments from lens, eye and tail samples. The wt band¼437 bp, the null band¼193 bp and the ﬂoxed band¼325 bp. ScribLeCre lenses had
the 193 bp null band. (E) Whole cell lysates from lenses of P2 and corneas of P10 control and ScribLeCre mice were subjected to immunoblot analysis for Scrib and reprobed
for Gapdh as a loading control. Scrib was reduced in lenses from ScribLeCre mice as compared controls and absent in the cornea lysate from ScribLeCre mice. Protein lysates
from Scrib wt and null brain were included to demonstrate the speciﬁcity of the antibody.
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characterized the molecular nature of these cells. Lens sections from
P10 mice were subjected to immunoﬂuorescence assays for the lens
epithelial proteins E-cadherin and, Pax6, a transcription factor required
for expression of lens epithelial speciﬁc crystallin genes (Cvekl et al.,
2004). Robust, nuclear staining for Pax6 (green) was observed in the
epithelial cells of the control lenses where it overlapped with the
nuclear counterstain, propidium iodide (PI, red) (Fig. 3A, yellow).
However, in the ScribLeCre epithelial cells, some nuclei appeared
red rather than yellow (Fig. 3C, arrows) and in unmerged images,
these same nuclei appeared to lack Pax6 staining (Fig. 3D, arrows).
Other nuclei were orange (Fig. 3C) and showed reduced levels of
Pax6 staining (Fig. 3D). Western blot analysis of extracts from P2
control and ScribLeCre lenses and quantiﬁcation of the results
conﬁrmed that Pax6 levels were reduced in ScribLeCre lenses by
55% (Fig. 4). Immunoﬂourescence staining for E-cadherin (green)
and α-catenin (red) showed that these proteins colocalized along
all membranes of control epithelial cells (Fig. 3E, yellow), and
unmerged image showed consistent E-cadherin staining along the
membranes (Fig. 3F). In contrast, E-cadherin and α-catenin staining
on ScribLeCre lenses showed regions in the epithelium where
staining was absent or reduced (Fig. 3G, arrows) which was also
evident in the unmerged E-cadherin image (Fig. 3H, arrows).
Western blot analysis of extracts from P2 lenses and quantiﬁcation
of the results conﬁrmed that E-cadherin levels were reduced by 35%
(po0.04) in the ScribLeCre lenses at that time point (Fig. 4).
The reduced expression of epithelial markers in the lens
epithelium of the ScribLeCre mice prompted us to investigate if
these cells were undergoing EMT. αSMA is a myoﬁbroblast protein
that commonly appears during EMT in the lens (de Iongh et al.,
2005). Therefore, cryosections from control and ScribLeCre mice
were immunostained with anti-αSMA antibodies (red) and coun-
terstained with To-Pro3 (blue) to identify nuclei (Fig. 3I–L). While
αSMA was present only in the iris in control lenses (Fig. 3I, J), in
ScribLeCre eyes staining for αSMA was observed in the lens as well
as in the hyperplastic iris (Fig. 3K, L). Thus, some cells in the lens
epithelium of the ScribLeCre mice appear to have lost epithelial
identity and acquired mesenchymal identity.
EMT progression can be linked to activation of signaling
through members of the TGFβ superfamily. Normally, the lens
epithelium does not respond to TGFβ signaling; however, EMT in
the lens is driven by TGFβ (de Iongh et al., 2005; Wormstone et al.,
2009). To determine if signaling through the TGFβ superfamily
was now active in lens epithelial compartment, sections from
control and ScribLeCre mice were immunostained for Smad4, a
component of the Smad complex that accumulates in the nucleus
during signaling through TGFβ superfamily members (Itoh et al.,
2000). In control lenses, Smad4 was cytoplasmic in epithelial cells
(Fig. 3M, N). However, Smad4 was concentrated in the nuclei of
epithelial cells in the ScribLeCre lenses (Fig. 3O, P). Thus, cells in
the ScribLeCre lens showed evidence for active signaling via the
TGFβ superfamily.
Loss of E-cadherin in ScribLeCre lenses begins early in lens
development
The loss of E-cadherin expression is a common feature of EMT
(Kalluri and Weinberg, 2009; Thiery et al., 2009). As shown in
Figs. 3 and 4, Scrib deﬁciency resulted in reduced levels of E-
cadherin within the epithelial cells of the ScribLecre lenses (Fig. 3E–
H and 4A). Because conditional deletion of Cdh1 in the lens placode
resulted in an E-cadherin deﬁcient lens vesicle and ultimately
resulted in EMT (Pontoriero et al., 2009), we asked if loss of Scrib
at this same stage in lens development resulted in changes in E-
cadherin localization and/or levels at the time of lens vesicle
formation. Double immunoﬂuorescence experiments were carried
out for E-cadherin and α-catenin on lens sections from embryonic
day 11.5 (E11.5) control and ScribLeCre embryos. At E11.5, control lens
vesicles showed E-cadherin (green) colocalized with α-catenin (red)
along lateral membranes with a concentration of E-cadherin at the
apical, anterior surfaces of the lens vesicle (yellow, Fig. 5A, B, arrows).
In contrast, colocalization was reduced in this area of ScribLeCre lens
vesicles (Fig. 5C). An examination of E-cadherin staining alone
suggested that apparent loss of colocalization was due to reduced
E-cadherin in the apical, anterior surface of the Scrib-deﬁcient lens
Fig. 2. Morphological defects in the eyes of postnatal day 10 (P10) ScribLeCre mice. (A, B) Eyes (A) and lenses (B) were isolated from control and ScribLeCre mice and viewed
under a dissecting microscope. (A) P10 ScribLeCre eyes were noticeably smaller (right) compared to controls (left). (B) ScribLeCre lenses were smaller than controls and also
had an opaque center indicating a cataract (arrow). (C–J) Longitudinally oriented parafﬁn embedded sections of eyes from P10 control (C, E, G) and ScribLeCre (D, F, H) mice
were stained with hematoxylin and eosin. (C, D) Sections of controls (C) and ScribLeCre eyes (D) showing that mutant lenses were vacuolated (arrow) and nuclei were
scattered throughout the lens (arrowhead). Also, the iris was hyperplastic (asterisk). (E, F) Higher magniﬁcation of the lens epithelium in control (E) and ScribLeCre (F) lenses
highlighting the ﬂattened and elongated cells in the epithelium of the mutant as compared to controls (arrowheads). (G, H) Higher magniﬁcation image of control (G) and
ScribLeCre (H) corneas showing that the epithelium of mutant corneas lacked an organized stratiﬁed epithelium with cuboidal shaped cells in the basal layer (arrowheads).
Insets show higher magniﬁcation images of the regions indicated by black boxes. ac, anterior chamber; c, cornea; e, epithelium; en, endothelium; f, ﬁber cells; i, iris; l, lens;
s, stroma. Bar¼50 mm for (C, D) and 25 mm for (E–H).
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vesicle (Fig. 5D). To follow the temporal progression of E-cadherin
disruption, sections from E13.5–E17.5 embryos were immunostained.
By E13.5 and E17.5, colocalization in the controls was restricted to the
lateral and basal membranes of the epithelium (Fig. 5E, I). Punctate
E-cadherin staining was observed at the apical surfaces of cells
(Fig. 5F, J). In contrast, in regions of the E13.5 and E17.5 ScribLeCre
epithelium, staining was red rather than yellow, suggesting that
these regions lacked E-cadherin (Fig. 5G, K, arrows). Unmerged
images showed that in regions along the basal surface E-cadherin
staining was absent and along the lateral membranes E-cadherin
staining was reduced (Fig. 5H, arrows). This trend continued through
ScribLeCre E17.5 lenses (Fig. 5L, arrows). Alterations in E-cadherin
staining of E13.5 and E17.5 ScribLeCre lenses correlated well with
morphological defects in the epithelium. In comparison to controls,
cells in the epithelium of the E13.5 ScribLeCremice were disorganized
(Fig. 5G); by E17.5, the epithelium was obviously ﬂattened and
characterized by irregularly shaped cells (Fig. 5K). Thus, beginning
at very early stages of lens formation, the Scrib-deﬁcient lens
epithelium is characterized by the gradual loss of E-cadherin from
the epithelium, a hallmark of EMT.
Fig. 3. Epithelial proteins are downregulated and mesenchymal proteins are upregulated in the P10 ScribLeCre lens epithelium. Longitudinally oriented, parafﬁn embedded
(A–H, M–P) or cryogenic (I–L) sections from P10 control and ScribLeCre eyes were immunostained with antibodies against epithelial proteins (Pax6; A–D and E-Cadherin;
E–H), the mesenchymal protein, αSMA (I–L), and Smad4 (M–P). Sections were counterstained with either propidium iodide (red, A, C), To-Pro3 (blue, I, K, M, O) or anti-α-
catenin antibodies (E, G). (A–D) Pax6 (green) was found consistently in the nuclei of epithelial cells from control lenses (A–B) whereas nuclear Pax6 staining was absent from
(arrows; C, D) or reduced in nuclei of ScribLeCre epithelial cells. (E, F) E-cadherin (green) colocalized (yellow) with α-catenin (red) along all membranes of control epithelium.
(G, H) In the ﬂattened ScribLeCre epithelium there were areas where E-cadherin and α-catenin were absent from basal and apical membranes (arrows). (I–L) αSMA was
observed only in the iris (i) of control lenses (I, L), but was found in both the iris and the epithelium (arrow) of ScribLeCre lenses (K-L). The red box inset (L) shows a higher
magniﬁcation image of the region indicated by the white box. (M–P) Smad4 (red) was cytoplasmic in control epithelial cells (N) but was concentrated in the nuclei of
ScribLeCre epithelial cells (O, P, arrows). e, epithelium; f, ﬁber cells; i, iris. Bar¼50 mm.
Fig. 4. E-cadherin and Pax6 levels are reduced in ScribLeCre lenses. Protein lysates from P2 control and ScribLeCremice were subjected to Western blot analysis using anti-E-
cadherin (A) and anti-Pax6 (B) antibodies. Blots were reprobed for Gapdh as a loading control. For E-cadherin, three independent pools of protein were analyzed on three
different blots. For Pax6 two independent pools were analyzed on two different blots. Bands were quantiﬁed by phosphorimager analysis and for E-cadherin statistical
analysis was conducted using the two-sided Wilcoxon Rank Sum test. The levels of E-Cadherin were reduced 35% (p¼0.04) in ScribLeCre lenses as compared to controls.
The levels of Pax6 were reduced 55% in ScribLeCre lenses as compared to controls.
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The apical marker, ZO-1, is gradually lost from epithelial cells
of the ScribLeCre lenses
Another hallmark of EMT is the loss of the apically-restricted
tight junction protein, ZO-1 (Zeisberg and Neilson, 2009). In Cdh1
deﬁcient lenses, both the localization and levels of ZO-1 were
disrupted (Pontoriero et al., 2009). Therefore, we asked if ZO-1
was similarly altered in the epithelium of ScribLeCre lenses. Parafﬁn
sections from E11.5, E13.5, E15.5, and E17.5 lenses were subjected to
immunoﬂuorescence analysis using an anti-ZO-1 antibody. At E11.5
the pattern of ZO-1 staining in ScribLeCre lenses did not differ from
that in the controls (data not shown). However, by E13.5 we
observed differences in the pattern of ZO-1 staining. At this stage,
in the epithelium of control lenses ZO-1 localized speciﬁcally to the
apical membrane of the epithelial cells, which was evident where
the ﬁber cells had not fully elongated (Fig. 6A, arrows). At E15.5 and
E17.5, intense ZO-1 staining was observed at the apical–apical
interface of epithelial and ﬁber cells (Fig. 6D, F arrows). In contrast,
by E13.5, in the ScribLeCre lenses, ZO-1 staining was greatly reduced
at the apical surface of the epithelial cells, which was evident in
regions where the ﬁber cells had not fully elongated (Fig. 6B, arrow).
By E15.5, there were regions of ScribLeCre lens epithelium lacking
ZO-1 (Fig. 6D, arrows). By E17.5 there were regions lacking ZO-1
(Fig. 6F, arrows) and, overall, the regular punctuate staining at the
apical–apical interface of the epithelial and ﬁber cells was largely
absent (Fig. 6F). Thus, in the absence of Scrib, ZO-1 is gradually lost
from the epithelium, a second hallmark of EMT.
Downregulation of Pax6 correlates temporally with upregulation
of αSMA
Since we observed defects in E-cadherin and ZO-1 in the
embryonic ScribLeCre lenses beginning at early stages in lens
differentiation, we asked at what age loss of Pax6 ﬁrst would be
observed. Sections from day E13.5, E15.5 and E17.5 control and
ScribLeCre lenses were immunostained for Pax6. At E13.5 and
E15.5, no difference was observed in the intensity of staining
between controls and ScribLeCre lenses (data not shown). How-
ever, by E17.5, reduced intensity of staining for Pax6 was observed
in some nuclei in the epithelium from ScribLeCre lenses as
compared to controls (Fig. 7A–D). We then asked if Pax6 down-
regulation correlated temporally with upregulation of αSMA and
indicators of TGFβ signaling. Sections from E13.5, E15.5, and E17.5
control and ScribLeCre lenses were immunostained with antibo-
dies against αSMA and Smad4. At E13.5 or E15.5, no staining for
αSMA was observed in the lens epithelium of control or ScribLeCre
mice and Smad4 staining was cytoplasmic (data not shown).
However, at E17.5, staining for αSMA (Fig. 7G, H) was observed
in ScribLeCre lenses, but not in controls (Fig. 7E, F, I, and J).
Additionally, and staining for Smad4 was concentrated in the
nuclei in the epithelium of ScribLeCre lenses (Fig. 7K, L) TGFβ
signaling through Smads requires activation of Smad2/3 by phos-
phorylation, which forms a nuclear complex with activated Smad4
(Itoh et al., 2000). Therefore, to further deﬁne the signaling
pathway that was now activated in the ScribLeCre lens epithelial
cells, we asked if nuclear Smad3 could also be detected in
ScribLeCre lenses. To do so, immunohistochemistry using anti-
Smad3 antibodies was performed on eye sections from E17.5 and
P10 control and ScribLeCre animals. No Smad3 staining was
observed in control lenses (Fig. 8A). However, Smad3 positive
nuclei were observed in ScribLeCre lenses (Fig. 8B, arrows). Total
and Smad3 positive nuclei were counted on 6–8 sections from
3 different eyes. In the ScribLeCre lens epithelia, 21.44% (p¼0.02) of
nuclei were positive for Smad3. Similarly, at P10, Smad3 staining
was detected in the nuclei of lens epithelial cells of ScribLeCre eyes
but not in the lens epithelial cells of controls (Fig. 8C, D, arrows).
Fig. 5. E-cadherin is progressively lost from ScribLeCre lenses. Longitudinally oriented, parafﬁn embedded sections from E11.5 (A-D), E13.5 (E-H) and E17.5 (I-L) control (A, B,
E, F, I, J) and ScribLeCre (C, D, G, H, K, L) embryos (A–H) and eyes (I–L) were immunostained with anti-E-cadherin (green) and anti-α-catenin (red) antibodies. (A–B)
Colocalization (yellow) was prominent at the apical surface of cells in the anterior lens vesicle (A, arrow). E-cadherin was punctate in this region (B). (C–D) E-cadherin
staining was reduced in the anterior region of the ScribLeCre lens vesicles (arrows). (E–F) Colocalization was observed along the basal and lateral membranes of controls at
E13.5 (E). E-cadherin was punctate along the apical surface (F, arrow). (G, H) In E13.5 ScribLeCre lenses, E-cadherin was speciﬁcally reduced along the basal and lateral
membranes surface (arrows). (I, J) In E17.5 control lenses, colocalization was found along all surfaces of the epithelium (I). E-cadherin was punctate at the apical surface (J).
(K–L) In E17.5 ScribLeCre lenses, E-cadherin was absent or reduced along some basal, lateral membranes (arrows). Red boxes show higher magniﬁcation images of the regions
indicated by white boxes. ce, corneal epithelium; le, lens epithelium; lf, ﬁber cells; lv, lens vesicle; s, corneal stroma. Bar¼50 mm.
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TGFβ activity induces the expression of zinc ﬁnger transcrip-
tion factors, Snail, Slug, and Twist, which are transcriptional
repressors of Cdh1 (Moustakas and Heldin, 2007). Because there
was obvious loss of E-cadherin from lens epithelia of ScribLeCre
mice from E17.5 through P10 (Figs. 3 and 5), we asked if loss of
E-cadherin at these time points coincided with the appearance of
Snail in the lens epithelium. To do so, immunohistochemistry
using anti-Snail antibody was performed on eye sections from
E17.5 and P10 mice. In E17.5 controls, some background staining
was observed only in the cytoplasm of epithelial cells (Fig. 8E).
However, in ScribLeCre lenses, cytoplasmic and nuclear staining
was observed (Fig. 8F, arrows). Total and Snail positive nuclei were
counted on 6–8 sections from 3 different eyes. In ScribLeCre lens
epithelia 20.87% (p¼0.01) of nuclei were positive for Snail. At P10,
nuclear staining for Snail was observed in ScribLeCre lenses but not
in control lenses (Fig. 8G, H, arrows). Thus, the appearance of
αSMA and TGFβ signaling molecules correlate temporally with
the loss of lens epithelial protein, Pax6, and the continued loss of
E-cadherin.
Molecular changes in the corneal epithelium of ScribLeCre mice
As shown in Fig. 2E and F, the corneal epithelium in the
ScribLeCre mice appeared disorganized and basal layer cells
appeared ﬂattened rather than cuboidal. We have previously
determined that Scrib is expressed in the corneal epithelium
(Nguyen et al., 2005) and that Scrib protein was not detected in
the corneas of P10 ScribLeCremice (Fig. 1E). Given the effect of loss
of Scrib in the lens, we asked if loss of Scrib in the corneal
epithelium also resulted in EMT in that tissue. At P10, the stratiﬁed
corneal epithelium is characterized by E-cadherin (Fig. 9A, B;
green), which normally localizes at cell membranes of the basal
and superﬁcial layers of the corneal epithelium (Takahashi et al.,
1992). In the ScribLeCre corneal epithelium, E-cadherin staining
was reduced and absent from many cells in the superﬁcial layers
(Fig. 9C, D). The corneal epithelium is also marked by the uniform
expression of cytokeratin K12 in the suprabasal and superﬁcial
layers of the epithelium (Kao et al., 1996). Staining for K12 was
observed throughout all membranes in the epithelium of control
Fig. 6. The tight junction protein, ZO-1, is gradually lost from the apical surface of ScribLeCre lens epithelial cells. Longitudinally oriented, parafﬁn embedded sections of E13.5
embryos (A, B), E15.5 heads (C, D), and E17.5 eyes (E, F) from control (A, C, E) and ScribLeCre (B, D, F) mice were immunostained with anti-ZO-1 antibodies (green) and the
nuclei counterstained with propidium iodide (red). (A, B) At E13.5, ZO-1 staining was observed at the apical surfaces of epithelial cells in the control lenses (arrows) but was
reduced or absent (B, arrow) on the apical surface of the ScribLeCre lenses. (C,D) At E15.5, ZO-1 staining was observed at the epithelial-ﬁber interface in control lenses
(C, arrows) but was reduced or absent (D, arrows) on the apical surface of the epithelial cells of the ScribLeCre lenses. (E, F) At E17.5, punctate ZO-1 staining was observed on
the apical membrane of the epithelial cells at the epithelial-ﬁber interface (E, arrows) but was further reduced or absent (F, arrows) on the apical membrane of the epithelial
cells of the ScribLeCre lenses. The staining pattern in the lens ﬁber cells was also disrupted at E17.5. e, epithelium; f, ﬁber cells. Bar¼50 mm.
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Fig. 7. Downregulation of Pax6 and upregulation of αSMA and nuclear Smad4 are observed in the lens epithelium of E17.5 ScribLeCre embryos. Longitudinally oriented,
parafﬁn embedded (A–D, I–L) or cryogenic (E–H) sections from eyes of E17.5 control (A, B, E, F, I, J) and ScribLeCre (C, D, G, H, K, L) embryos were immunostained for Pax6
(A–D, green), αSMA (E–H, red) or Smad4 (I-L, red) and the nuclei counterstained with propidium idodide (A, C, red) or To-Pro3 (E, G, I, K, blue). (A–D) Pax6 staining was
observed uniformly in the nuclei of lens epithelium from control mice (A, B) whereas the intensity of Pax6 staining was variable in the nuclei of the epithelium from
ScribLeCre mice with some nuclei exhibiting markedly reduced staining (C, D) and some of these nuclei appeared ﬂattened rather than rounded (C, D, arrowhead). (E–H)
Staining for αSMAwas observed in the iris but not the lens of control eyes (E, F) whereas staining was observed in both the lens epithelium (arrows) and iris of the ScribLeCre
eyes (G, H). Note that the iris does not extend across the entire ScribLeCre eye at E17.5 as it does in P10 ScribLeCre eyes (see Fig. 2D). The hyperplastic iris was only observed in
eyes of postnatal ScribLeCre mice. Red boxes show higher magniﬁcation images of regions indicated by white boxes. (I–L) Smad4 staining (red) was cytoplasmic in control
epithelial cells (I, J) whereas it was concentrated in the nuclei of some of the ScribLeCre epithelial cells (arrows) and the nuclei appeared ﬂattened rather than rounded (K, L).
e, epithelium f, ﬁbers i, iris. Bar¼50 mm.
Fig. 8. Nuclear Smad3 and Snail are detected in lens epithelium of ScribLeCre mice. Longitudinally oriented, parafﬁn embedded eye sections from control (A, C, E, G) and
ScribLeCre (B, D, F, H) E17.5 embryos (A, B, E, F) or P10 mice (C, D, G, H) were immunostained for Smad3 (A–D) or Snail (E–H) and counterstained with hematoxylin. (A–D)
Nuclear immunoreactivity for Smad3 was not observed in the lens epithelium of E17.5 (A) or P10 (C) control eyes whereas nuclear Smad3 staining was observed in some
nuclei of the lens epithelium of E17.5 (B, arrows) and P10 (D, arrows) ScribLeCremice. (E–H) Nuclear immunoreactivity for Snail was not observed in nuclei of E17.5 (E) or P10
(G) control lens epithelium whereas nuclear staining was observed in ScribLeCre lenses at both E17.5 (F, arrows) and P10 (H, arrows). ce, corneal epithelium, le, lens
epithelium; lf, lens ﬁber cells; s, corneal stroma. Bar¼25 mm.
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corneas at P10 (Fig. 9E, F; red). However, K12 staining in the
ScribLeCre corneal epithelium was not uniform, with regions
showing reduced staining (Fig. 9G, H), suggesting that the integrity
of this epithelium was compromised. To determine if cells in the
corneal epithelium were in transition to a mesenchymal state,
sections were immunostained with anti-αSMA antibodies.
Whereas the corneal epithelium from control mice was negative
for αSMA, αSMA staining was present in the ScribLeCre corneal
epithelium and endothelium (Fig. 9K, L). Therefore, loss of Scrib is
in a second epithelium, the corneal epithelium, leads to molecular
changes consistent with EMT.
Discussion
Epithelial cells are distinguished from other cell types in part
by the presence of strong cell–cell adhesion and apical–basal
polarity. The loss of the epithelial proteins, E-cadherin and ZO-1,
major components of adherens and tight junctions, respectively,
from epithelial cells and appearance of mesenchymal proteins
such as αSMA and activated TGFβ signaling intermediates are
characteristics found in many examples of EMT (Kalluri and
Weinberg, 2009; Thiery et al., 2009). Studies from invertebrate
systems indicate that scrib is one factor playing an important role
in the genesis and maintenance of epithelial adherens junctions
and apical polarity complexes. In this study, using the mouse lens
as a model epithelial tissue, we found that loss of Scrib at the
lens placode stage resulted in loss of E-cadherin and ZO-1,
components of adherens junctions and apical polarity complexes,
indicating that Scrib plays a conserved role cross species. Further-
more, the loss of these factors, which are also lost in EMT, was
accompanied by other molecular changes characteristic of EMT
(summarized in Fig. S1). Molecular changes consistent with EMT
also occurred in a second ocular derivative of the surface ecto-
derm, the corneal epithelium. Thus, these data suggest that Scrib
may generally be required for establishing or maintaining the
specialized characteristics that deﬁne epithelial cells, which are
necessary for maintaining the integrity of an epithelium in vivo
and for preventing EMT.
Scrib is an upstream regulator of epithelial identity in the lens
In the lens, conditional deletion of Cdh1 at the lens vesicle stage
leads to the loss of cell adhesion and shape, the gradual loss of
ZO-1, and, ultimately, EMT (Pontoriero et al., 2009), indicating the
importance of E-cadherin in maintaining epithelial identity. In
ScribLeCre lenses, the ﬁrst phenotypic changes we observed were
altered cell morphology and a reduced accumulation of E-cadherin
at the apical borders of the cells in lens vesicle. These initial
changes were followed by gradual loss of ZO-1. Given the simila-
rities in the lens phenotype between the Cdh1 conditional mutant
and ScribLeCre mice, we suggest that Scrib functions upstream of
E-cadherin as a regulator of epithelial identity as it is required to
maintain normal cell–cell adhesion and apical polarity, two deﬁn-
ing characteristics of epithelial cells.
Interestingly, the developmental time point at which we ﬁrst
observed reduced accumulation of E-cadherin, E11.5, is only one
day after the lens vesicle normally separates from the overlying
ectoderm. For detachment of the lens vesicle from the overlying
ectoderm to occur, E-cadherin-containing cell–cell adherens junc-
tions must be broken and subsequently reformed between new
neighboring cells (Wiley et al., 2010). It is possible, therefore, that
reestablishing adherens junctions to form the lens vesicle is
impaired in the absence of Scrib. In keeping with this concept,
deletion of Scrib after the lens vesicle has formed does not result in
EMT (unpublished data), suggesting Scrib may be required for
unique events involving E-cadherin function at the time of lens
vesicle formation. The loss of ZO-1 from the apical domain of the
epithelial cells beginning at E13.5 suggests that disrupting adhe-
rens junctions lead to the destabilization of the tight junction
complexes. Similarly, reduced levels of another apical polarity
protein, Par3, which is part of the Par3/Par6/aPKC complex
(Humbert et al., 2008; Wodarz and Nathke, 2007), was observed
on the central epithelial cells of ScribLeCre lens and in the
transition zone Par3 was also observed on the lateral membranes
(data not shown), indicating that restriction of Par3 to the apical
domain was lost. This is reminiscent of ﬁndings in Drosophila
where loss of lgl, a component of the scrib polarity complex, leads
to expansion of the apical domain into the basolateral domain
(Kaplan et al., 2009). Our data suggest that the dynamic stability of
these complexes in vivo in the mouse lens epithelium requires
Scrib and that these are required to maintain epithelial identity.
However, Scrib may also be responsible at the time of lens vesicle
formation and shortly thereafter for other cellular and molecular
events that are crucial for forming and maintaining a lens
epithelium. For example, we have noticed that ScribLeCre lenses
show defects cell viability and proliferation (Yamben and Griep,
manuscript in preparation). These changes could, along with the
Fig. 9. The corneal epithelium in the ScribLeCre mice acquires EMT characteristics. Longitudinally oriented, cryogenic sections from P10 control and ScribLeCre mice were
immunostained for E-cadherin (A–D, green), cytokeratin 12 (K12, E–H, red) and αSMA (I–L, red). Nuclei were counterstained with propidium iodide (red, A, C) or To-Pro3
(blue, E, G, I–L). (A–D) E-cadherin (green) is strongly expressed along all cell surfaces of the corneal epithelial cells of controls (A, B), but is weakly expressed or absent in the
corneal epithelial cells from the ScribLeCremice (D arrows). (E–H) K12 (red) is expressed throughout the corneal epithelium of control mice but is reduced and discontinuous
in corneal epithelium of ScribLeCre mice. (G, H, arrows). (I–L) αSMA (red) was expressed only in ScribLeCre corneal epithelium and endothelium (K, L, arrows). Red boxes
show higher magniﬁcation images of epithelium indicated by the white boxes. e, epithelium; s, stroma; en, endothelium. Bar¼50 mm.
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ﬁber cell defects, contribute to the overall phenotype of the
ScribLeCre lens. Additional investigations are needed to further
elucidate Scrib's involvement with early lens formation and how
this impacts on maintaining epithelial identity as well as the
overall integrity of the lens.
Following initial disruption in E-cadherin localization and loss
of ZO-1, we observed evidence for active TGFβ signaling and the
appearance of, αSMA. Thus, further decreases in E-cadherin
expression observed in late embryonic and postnatal ScribLeCre
lenses may be the result of Snail activity, as Snail is a known
negative regulator of Cdh1 transcription (Moustakas and Heldin,
2007). Loss of the lens epithelial transcription factor, Pax6, also
was observed. This likely contributes to the loss of lens epithelial
identity in the Scrib-deﬁcient lenses, since lenses of mice haplo-
insufﬁcient for Pax6 exhibit EMT (Lovicu et al., 2004) and Pax6 is a
regulator of expression of the lens speciﬁc crystallin genes (Cvekl
et al., 2004). It has been shown that downregulation of Pax6
occurs in the TGFβ overexpressing transgenic mouse lens (Lovicu
et al., 2004) and activated Smad3 can negatively regulate Pax6
expression (Grocott et al., 2007). The timepoint (E17.5) when Pax6
loss was ﬁrst noticed in the ScribLeCre lenses suggests TGFβ
signaling may be responsible. Thus, we suggest that in the Scrib
deﬁcient lenses, EMT initiates with the destabilization of the
junctional complexes and apical–basal polarity and then is driven
through the acquisition of active TGFβ signaling.
Scrib, EMT and disease
The loss of epithelial identity and EMT is associated with two
types of cataract in human and mouse models, ASC (Hales et al.,
1995; Lovicu et al., 2004; Saika et al., 2009; Srinivasan et al., 1998)
and PCO, (Wormstone et al., 2002, 2006, 2009), which commonly
occurs after cataract surgery. Phenotypically, the lenses of Scri-
bLeCre mice mimic many of the defects observed in these models
of cataract. Additionally, defects in ﬁber cell adhesion have been
shown to be a contributing factor to cortical cataract in experi-
mental models (Zhou et al., 2007). ScribLeCre lenses also exhibit
defects in cell adhesion in the ﬁber cell compartment suggesting
that Scrib function may be required to maintain normal ﬁber cell
characteristics and prevent cortical cataractogenesis. It is not
known if Scrib expression and/or function is compromised in any
of these examples of mouse or human cataract. Further studies
will be required to address this question.
The loss of Scrib led to EMT not only in the lens but also in the
corneal epithelium, as evidenced by the reduced corneal epithelial
proteins, E-cadherin and K12, and the expression of αSMA. This
suggests that Scrib may be required to maintain epithelial identity,
thus preventing EMT and disease in many different organs. In the eye,
EMT of corneal epithelial cells in the limbal region has been suggested
to be involved in the pathogenesis of pterygium (Kato et al., 2007).
EMT of retinal pigment epithelial cells is observed in proliferative
vitreoretinopathy, a consequence of retinal detachment (Hiscott et al.,
1999; Nagasaki et al., 1998; Thiery et al., 2009). EMT is associated with
tissue ﬁbrosis in a variety of other organs such as kidney, liver, and
lung (Kalluri and Weinberg, 2009). EMT and the targeting of cell
polarity complexes by EMT inducers have been associated with
increased invasiveness and metastasis in cancer (Banks et al., 2012;
Elsum et al., 2012; Moreno-Bueno et al., 2008; Olmeda et al., 2008).
For example, the human papillomavirus oncogenes have been shown
to downregulate epithelial proteins while upregulating mesenchymal
proteins in human keratinocytes (Hellner et al., 2009). Of particular
relevance to our study, expression of the E6 oncoprotein, dependent
on an intact PDZ binding domain through which E6 binds to and
promotes the degradation of Scrib (Thomas et al., 2005), has been
shown to result in phenotypic changes in cultured keratinocytes
that are indicative of EMT (Watson et al., 2003). In cervical cancer
specimens, greatly reduced levels of Scrib are observed in high-grade
squamous intraepithelial lesions (SIL) and invasive cancers as com-
pared to low grade SIL lesions (Nakagawa et al., 2004), showing an
inverse correlation between Scrib levels and the degree of invasiveness
of the tumor. Also, reduced levels of Scrib are associated with loss of
epithelial polarity and tissue architecture in colon adenocarcinoma
(Gardiol et al., 2006), metastasis in endometrial cancer (Ouyang et al.,
2010), and breast cancer (Zhan et al., 2008). Thus, it is possible that the
loss of Scrib function results in EMT that drives the metastatic
progression of many types of cancers.
Conclusions
Together, these data suggest that, in vivo, mammalian Scrib is
required to maintain epithelial identity and its loss allows epithe-
lial cells to be susceptible to EMT. Scrib may maintain epithelial
identity primarily through its effect on junctional complexes. An
examination of molecular changes during the early stages of lens
formation in ScribLeCre lenses may provide further insight into
roles of Scrib in EMT and human disease.
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